Formation energies, charge transitions levels, and quasiparticle defect states of the tellurium antisite (Te Cd ) in CdTe are addressed within the DFT + GW formalism. 
I. INTRODUCTION
formalism 29, 30 , which describes the interaction of weakly correlated quasiparticles by means of a nonlocal energy-dependent self-energy, can give accurate quasiparticle band structures of solids 31, 32 .
Early DFT calculations of native defects in CdTe suggest that (Te Cd ) is stable in (+2), (+1), and neutral charge states 33, 34 . Du et al. 35 have found that (Te Cd ) exhibits a negative-U behavior with a (+2/0) transition level at VBM + 0.35 eV. On the other hand, Carvalho et al. 36 using the local spin density approximation (LSDA) found no negative-U effect. More recent calculations employing hybrid functionals that mix a fraction of Hartree-Fock (HF) exchange with local or semilocal exchange-correlation functionals also show serious discrepancies. Yang and co-workers 22 , Lordi 37 , and Lindström et al. 38 have found a negative-U behavior in (Te Cd ). In contrast, Biswas and Du 39 have pointed out that (Te Cd ) is a deep donor with (+2/+) and (+/0) transition levels at VBM + 0.38 eV and VBM + 0.58 eV, respectively.
In order to investigate these large discrepancies among theoretical calculations, in the present work we investigate the formation energies, charge transition levels and quasiparticle defect states of (Te Cd ) in CdTe using the state-of-the-art DFT + GW formalism 40-43 , which is free of the well-known band gap error of DFT. According to our results, (Te Cd ) induces a deep level at VBM + 0.99 eV, exhibiting a negative-U effect. Moreover, the optical excitation cubic supercells. The atomic structures were relaxed until the Hellmann-Feynman forces were less than 0.001 Ry/bohr. The k-point sampling was restricted to the Γ point. that have been added (n i > 0) or removed (n i < 0) from the supercell, and µ i is the chemical potential of the element i, and E F is Fermi energy.
The chemical potentials are defined by the experimental growth conditions. For the case of CdTe, the Cd-rich limit is defined by imposing an equilibrium between the system and a reservoir of bulk Cd, whereas for the Te-rich limit µ Te is equivalent to the energy of bulk Te. 
C. DFT + GW formalism
The formation energy of a defect in charge state q −1 is given by
By adding and substracting first
where R q corresponds to the minimum energy configuration for the charge state q. The first term is a quasiparticle energy (i.e., an electron addition or removal energy) and may be calculated using the many-body perturbation theory based on the GW approximation 29, 30 .
The second term corresponds to a relaxation energy and may be evaluated at DFT level, since we only calculate energy differences between configurations with the same number of electrons.
Using Kohn-Sham wave functions ψ KS n,k and energies KS n,k as mean-field starting points for the construction of G and W (G 0 W 0 approximation), we calculate the quasiparticle energies E QP n,k within a first-order perturbation theory approximation as
which comes from replacing the KS exchange-correlation potential V xc with the self-energy operator Σ. When the reference state is an open-shell system, wave functions and energies from spin-polarized DFT calculations were used as mean-field starting points.
Considering the computational demands, we employed a cubic 64-atom supercell to calculate the quasiparticle corrections to the DFT eigenvalues at the Γ point only. These corrections were then applied to the KS eigenvalues of 512-atom supercells to obtain the quasiparticle energies referenced to the average electrostatic potential of bulk CdTe. This approach is justified because we consider finite-size effects at the DFT level. Moreover, quasiparticle corrections are largely invariant with respect to the supercell size 43,55,56 and, at the high-symmetry points their differences are up to 0.1 eV. The relaxation energies were calculated using 512-atom supercells.
III. RESULTS AND DISCUSSION
Starting from the ground state configuration (Te Cd ) +2 , we can obtain the formation energies for different charge states using Eq. (4). A key observation is that the self-interaction error will mostly cancel in the first difference of Eq. (1), since it has all the valence bands full and all the conduction bands empty.
We should note that the absolute position of the VBM of bulk CdTe obtained using the PBE exchange-correlation functional was corrected by ∆E VBM = −0.74 eV. Hence, the energy change due to the exchange of electrons and holes with the carrier reservoirs for the The calculated defect formation energies are plotted as a function of the Fermi level in Figure 1 . Table I shows the contributions to the formation energies coming from quasiparticle and relaxation energies according to Eq. (4). The formation energy of (Te Cd ) in the neutral charge state is found to be 1.45 eV for the Te-rich limit, and 3.27 eV for the Cd-rich limit.
Our results indicate that (Te Cd ) exhibits a negative-U behavior that causes the (+1) charge to the defect level and a rigid shift to the conduction bands so as to recover the G 0 W 0 quasiparticle band gap, was applied to correct the KS band structure. In the ideal T d symmetry, the Te antisite induces a triple-degenerate energy level inside the band gap, and it would be unstable with respect to symmetry-lowering distortions that minimize the total electronic energy. However, the ground state configuration (Te Cd ) +2 maintains the According to Figure 1 , in p-type conditions, the Te antisite is favorable to be in a double Having identified the Te antisite in the neutral charge state as hole trap, we should note that in order to limit any potential deleterious impact to carrier transport, Te-poor grown 
IV. CONCLUSIONS
In summary, we have investigated the formation energies, charge transition levels and quasiparticle defect states of the Te antisite in CdTe within the DFT + GW formalism. We find that (Te Cd ) is a negative-U defect, inducing a deep donor level at VBM + 0.99 eV.
In addition, our results suggest that the ∼1.1 eV band, visible in both luminescence and absorption experiments can be associate with the (Te Cd ) 0 defect, which acts as a hole trap.
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